A new cell line (GS-1) was developed from the spleen tissue of the orangespotted grouper, Epinephelus coioides applied for viral infection studies of fish ranavirus and megalocytivirus. The cells proficiently multiplied in Leibovitz's L-15 medium supplemented with 10% fetal bovine serum at temperatures between 20°C and 32°C. Morphologically, the cell line comprised fibroblast-like cells, and this was confirmed by immunostaining with vimentin, fibronectin, and desmin antibodies. The optimal temperature for grouper iridovirus (GIV) and infectious spleen and kidney necrosis virus (ISKNV) proliferation in GS-1 cells was 25°C, and the highest titer of GIV was 10 8.4 TCID 50 /ml, and the highest titer of ISKNV was 10 5.2 TCID 50 /ml. Electron micrographs showed that the mean diameter of GIV virions was 180−220 nm, which was larger than ISKNV virions (160−200 nm). Negatively stained GIV particles possessed an envelope structure that was assembled by the three-layered structure with an inner electron-dense core surrounded by a lighter coat (mean diameter, 27 ± 3 nm). The highest GIV-induced mortality of groupers occurred at 25°C, whereas the highest ISKNV-induced mortality occurred at 30°C. In summary, GS-1 cell line is a valuable tool for isolating and investigating fish ranavirus and megalocytivirus in the same host system.
doi: 10.1292/jvms. easy [8, 16] . The same situation has been observed in Taiwanese strains over the past two decades. To the present, it has not been reported that any cell lines are sensitive to both GIV and ISKNV. In this study, we established a novel cell line (GS-1) which was susceptible to GIV and ISKNV, and was applied for the in vitro and in vivo studies of fish ranavirus and megalicytivirus.
MATERIALS AND METHODS

Establishment of the primary GS-1 cell line
Healthy orange-spotted grouper, Epinephelus coioides, weighing 15 g each were collected from a fish farm and were used for primary cell culture in this study. The method used to develop the GS-1 cell line was similar to that described for the GK [19] cell line. Once a confluent monolayer formed in the primary culture, the cells were trypsinized with 0.25% trypsin solution and subcultured with a ratio of 1:2 in culture medium (Leibovitz's L-15 with 20% fetal bovine serum FBS, 200 IU/ml penicillin and 200 µg/ml streptomycin ; Life Technologies Co., Carlsbad, CA, U.S.A.) at 25°C. After 10 passages, the concentration of FBS was decreased from 20 to 10% for the following 20 passages and the concentration of penicillin was reduced to 100 IU/ml and streptomycin was reduced to 100 µg/ml. The GS-1 cell line has been subcultured for more than 50 passages, and was cultured in 175 cm 2 tissue culture flasks at 1:3 split ratio every 3 or 4 days at 25°C.
Characterization of cell growth
Cell growth of the GS-1 cells at the 30th passage were assessed at four culture temperatures (20, 24, 28 and 32°C) for 7 days, and using four FBS concentrations (2, 5, 10 and 15%) in L-15 medium at 28°C for 7 days. The cells were seeded into 25 cm 2 cell culture flasks at an initial density of 1 × 10 5 cells per flask and incubated at different temperatures. Triplicate flasks were trypsinized and counted by 12 independent haemocytometer counts at 0, 1, 3, 5 and 7 days after subculturing. Analogous procedures were performed for determining the effects of various concentrations of FBS. The mean number of cells and standard deviations were calculated.
Immunofluorescence microscopy assay
Immunophenotyping of the GS-1 cell line was carried out at the 30th passage following the method described previously [10] with some modifications. Briefly, the cells were grown on coverslips in six-well plates for 24 hr and then fixed with 4% paraformaldehyde at 4°C for 1 hr and permeabilized with 0.2% Triton-X 100 at room temperature for 15 min. After blocking with 2% bovine serum albumin (BSA) in PBS at room temperature for 2 hr, the cells were then incubated with four different primary antibodies of mouse-anti-cytokeratin, mouse-anti-vimentin, mouse-anti-fibronectin and rabbit-anti-desmin (Sigma-Aldrich Co., St. Louis, MO, U.S.A.) at a dilution of 1:200 at room temperature for 2 hr to characterize the cell line. Subsequently, the cells were rinsed three times with PBS and were incubated with the appropriate secondary antibodies of goat-anti-mouse FITC-conjugated or goat-anti-rabbit FITC-conjugated (Sigma-Aldrich) at a dilution of 1:320 in PBS containing 1% BSA at room temperature for 1 hr. In control coverslips, only PBS with 1% BSA was used in place of the primary antibodies. Diaminophenylindole at a final concentration of 1 µg/ml was used to stain DNA in nuclei. All samples were observed with a Carl Zeiss fluorescence microscope.
Virus isolation
The virus strains GIV/90/grouper and ISKNV/105-2955/grouper were isolated from sick juveniles of Epinephelus coioides in the field, and were used in this study. For virus isolation, five individual spleen tissues were thawed and homogenized with 10-fold volume of sterile PBS (pH7.4). The homogenate was centrifuged at 1,500 rpm for 15 min at 4°C and filtered through 0.22 µm membrane filter. Briefly, 0.5 ml of supernatant was inoculated into 2 × 10 5 GS-1 cells in 6-wells plates and for 1 hr adsorption at room temperature. These inoculated cells were respectively incubated at 20, 25 and 30°C for 7 days and examined daily for the presence of CPE in triplicate. Cultures with appearance of CPE were frozen at −70°C for further PCR analysis. The blind passages were carried out once for another 7 days for the inoculated cells in which no CPE was observed. Regardless of whether CPE was observed, the inoculated cells were subjected to the PCR after the blind passage.
Viral confirmation by conventional PCR
The methods were described in previous studies [14] and also used to confirm the infection of inoculated cells and experimentally challenged fishes. PCR products were sequenced using an ABI PRISM 377 DNA sequencer with a BigDye Terminator Kit (Applied Biosystems, Foster City, CA, U.S.A.). Sequences of the viral genes were examined for identity with the published sequences and submitted to GenBank database.
Viral replication efficiency in vitro
Virus in the L-15 medium with 2%FBS was inoculated into 24-well plates which were pre-seeded with 2 × 10 4 GS-1 cells, and the multiplicity of infection (MOI) was 0.1. The culture plates were respectively incubated at 20, 25 and 30°C for 7 days and examined daily for the appearance of CPE. The culture supernatant of virus-infected cells collected at a 2-day interval to measure the titers of virus in triplicate. Viral titers were determined by using 50% tissue culture infective dose (TCID 50 ) method in a 96-well culture plate [35] . 
Electron microscopy
After appearance of advanced CPE, the virus-infected cells were harvested, pelleted by centrifugation at 3,000 rpm for 10 min, and fixed with 2.5% glutaraldehyde in cacodylate buffer (0.1 M, pH 7.2) for 2 hr at 4°C. The fixed cells were washed with fresh cacodylate buffer and rinsed in PBS (0.1 M, pH7.2) for 10 min three times, then post-fixed in 1% osmium tetroxide for 1 hr. After being rinsed four times with PBS for 15 min, the fixed cells were dehydrated in graded ethyl alcohol (50, 75, 90, 95, and 100%) and embedded in epoxy resin. Ultrathin sections were cut with an ultra-microtome (Reicher-Jung, Vienna, Australia) and stained with saturated aqueous uranyl acetate and lead citrate. Briefly, a 100 µl drop of suspension and double-distilled water mixed and using an airfuge A-100/30 rotor (Beckman, Palo Alto, CA, U.S.A.) for centrifugation was carried out at 90,000 rpm for 5 min. Next, the supernatant was discarded and the pellet was resuspended in 25 µl of double-distilled water. A drop of purified virus solution was applied onto a carbon coated formvar-filmed copper grid. The grid was dried by blotting its edge with a filter paper, and the grid was negatively stained with 2% phosphotungstic acid (pH 6.8) for 1 min. Preparation of cell culture supernatant for negative staining was performed as described previously [33] . Specimens were examined using an electron microscope (JEM-1000CX II, JEOL Ltd., Tokyo, Japan) and photomicrographs were taken.
Experimental infection in vivo
A total of 120 healthy orange-spotted groupers with an average body weight of 5.2 ± 1.2 g were used for the pathogenicity test. Prior to the experiment, the groupers were sampled randomly and tested by PCR to confirm the absence of iridovirus infections. The fish were divided into six groups. For each groups, the fish were reared in a 60-liter glass tank with an air-pumped circulating seawater system with water temperature at either 25 ± 0.5°C or 30 ± 0.5°C. Each fish of the first and second groups were intraperitoneally (IP) injected the GIV and ISKNV isolates with 0.1 ml of 10 4 TCID 50 , and then reared at 25°C. Fish of the third and fourth groups were challenged with each of the same virus and kept at 30°C. Fish of the fifth and sixth groups were injected with the same volume of culture medium without virus and kept at 25 and 30°C, respectively, as the negative control groups. The fish were observed daily for mortality for 14 days. Virus in the dead fish was examined by PCR. Statistical analysis was carried out using Fisher's exact test on mortality.
RESULTS
Primary culture and subculture of GS-1 cells
Spleen-derived primary cells of orange-spotted grouper attached to the culture flask on the second day after seeding and a monolayer was formed after 20 days. Cells were then passaged 10 times in the L-15 medium plus 20% FBS at a ratio of 1:2 every 5−7 days, as determined by the cell growth rate. After the 10th passage, these cells rapidly propagated and thereafter were adapted to 10% FBS culture medium and passaged at 1:3 every 5 days. Morphologically, the initial subcultures comprised fibroblastic and epithelial-like cells (Fig. 1a) . After the 30th passage, the cell line mainly comprised fibroblast-like cells (Fig. 1b) .
Growth kinetics at different temperature and concentration of FBS
The GS-1 cells were able to grow at temperatures between 20 and 32°C, with the fastest replication occurring at 32°C (Fig. 2a) . The growth rate of GS-1 cells increased with FBS concentration from 2 to 15% at 28°C. Cells exhibited population stability at 2% FBS, relatively good growth at 5 and 10% FBS, and maximum growth at 15% FBS (Fig. 2b) .
Cell typing of the GS-1 cells
Antibodies against cytokeratin, vimentin, fibronectin, and desmin were used for immunophenotyping. No reactivity against the epithelial cell marker cytokeratin was observed (Fig. 3a) , whereas strong fluorescence signals were observed with vimentin ( Fig.  3b) , fibronectin ( Fig. 3c ) and desmin antibodies (Fig. 3d) at the 30th passage.
Viral confirmation by conventional PCR
Full-length DNA sequences of the major capsid protein gene were amplified from viral isolates, yielding a 1,392 bp product from GIV and a 1,362 bp product from ISKNV (Fig. 4) . Sequence analysis of GIV/90/grouper and ISKNV/105-2955/grouper showed 100 and 99% identities to match the iridovirus reference strains of GIV (Accession number AF371960) and ISKNV (Accession number AF371960), respectively. These GIV/90/grouper and ISKNV/105-2955/grouper sequences were deposited in GenBank under accession numbers KU510328 and KY074549, respectively.
Cytopathic effect induced by GIV and ISKNV in GS-1 cells
The GIV-induced CPE was observed in GS-1 cells from 20 to 30°C (Fig.  5a-c) and the first CPE has appeared at 25°C since 24 hr post-inoculation (hpi). Initially, CPE developed as foci areas of rounded, granular, and refractive cells. CPE spread through the cell sheet over 72 hr to form a network of degenerated cells, and the cells completely disintegrated by 4 days post-inoculation (dpi).
Following ISKNV infection at 25°C, GS-1 cell morphology has changed since 12 hpi. Cell shrinkage and rounding appeared first, and then the number of rounded cells markedly increased by 24 hpi. The ISKNV-induced CPE was characterized by cell rounding, cell fusion and cytolysis, which were observed at 20 and 25°C, but not at 30°C (Fig. 5d-f) . Finally, numerous rounded cells fused and broke up on 3 dpi. Uninfected GS-1 cells showed no morphological changes during this period of observation at a different temperature (Fig. 5g-i) .
The same CPE was reproduced, and the positive PCR signal was detected, after the serial 5 blind passages in GIV-and ISKNV-inoculated groups at 20, 25 and 30°C. However, this CPE was not observed from the ISKNVinoculated GS-1 cells at 30°C after the third passage in the GS-1 cells.
The replication kinetics of GIV and ISKNV in GS-1 cells
The optimum temperature for the proliferation of GIV in the GS-1 cells was between 20 to 30°C, which induced the viral titers of 10 7.7 TCID 50 /ml and the maximum titer of 10 8.4 TCID 50 /ml on 7 dpi at 25°C (Fig. 6a) . Viral titers of ISKNV inoculated in the GS-1 cells on 7 dpi were 10 4.8 TCID 50 /ml at 20°C and 10 5.2 TCID 50 /ml at 25°C (Fig. 6b) . When cells were cultured at 30°C, ISKNV multiplication was only observed during the first 2 days, with lower virus yields compared with 2 dpi after longer incubation time.
Electron microscopy of GIV and ISKNV infected GS-1 cells
Examination of ultrathin sections of the GIV-infected GS-1 cell at 1 dpi revealed large amounts of virus particles were scattered throughout the cytoplasm as individual viruses or in paracrystalline arrays at assembly sites. The mean diameter of the GIV mature icosahedral particles were approximately 180-220 nm and containing full electron-dense cores (n=10) (Fig. 7a) . In the supernatant, enveloped GIV showed a typical hexagonal shape and three-layered structure with an inner electron-dense core surrounded by a lighter coat (mean diameter, 27 ± 3 nm) (Fig. 7b) . The diameter of the virus particle and mature nucleocapsids were approximately 210-220 and 140-150 nm, respectively (Fig. 7b) . Numerous ISKNV virus particles with the icosahedral morphology of 160-200 nm in mean diameter were observed in the infected GS-1 cells at 1 dpi and the virions size were smaller than GIV (n=10) (Fig. 7c) . The negative-stained ISKNV particle exhibited a two-layered membrane structure with 190-200 nm diameter sizes. The diameter of ISKNV mature nucleocapsids was approximately 170-180 nm, and was larger than that of GIV particles (Fig. 7d) .
Accumulated mortality of groupers after challenge with GIV or ISKNV
The cumulative mortality of GIV-infected fish incubated at 25°C reached 50% by 12 dpi, which was higher than at 30°C. Between 7 and 14 days after infection, the mortality rate increased from 20 to 50% at 25°C and from 10 to 30% at 30°C; the rates were significantly higher than those in control groups (P<0.05 by Fisher's exact test).
In ISKNV-infected fish, cumulative mortality at 14 dpi was 40% at 30°C and 20% at 25°C (Fig. 8 ). Viruses were detected by PCR in pooled organs (spleen and kidney) from both dead and surviving fish following GIV and ISKNV infection. No viruses were detected in the target organs of either control group.
DISCUSSION
Cell lines are valuable tools for studying cellular responses and viral pathogenicity in fish species. The spleen is the target organ for fish iridoviruses [4, 16] . A published cell line designed as GS, derived from the spleen of Epinephelus coioides, showed high sensitivity to SGIV and NNV in vitro [34] . Different from GS cell line, GS-1 cell line was very sensitive to the infection and proliferation of GIV and ISKNV, belonging to ranavirus and megalocytivirus of Iridovirdae, respectively. Further, the GIV and ISKNV isolated from the GS-1 cell were applied to assess the investigation of the iridovirus-host interaction in vivo.
Morphologically, the initial GS-1 subcultures comprised fibroblastic and epithelial-like cells, but fibroblast-like cells accounted for the majority of the cell line after the 30th passage. Immunocytochemistry showed strong immunopositivity for vimentin, fibronectin, and desmin, consistent with our previous observation that GS-1 cells mainly comprise fibroblast-like cells. Similar phenotypic shifts have been demonstrated in grouper heart (GH) and grouper fin (GF) cells from the tropical grouper E. awoara [18] . The presence of immunocytochemistry in GS-1 cells confirmed the fibroblast-cell origin.
The GS-1 cell line grew well at a wide range of temperatures, with fastest growth at 32°C. No significant growth was observed at 20°C, similar to most established tropical fish cell lines [19, 31] . This adaptability is advantageous for studies of infection by viruses with a range of optimal growth temperatures. FBS is essential for the in vitro expansion of primary cultures. Growth rates of GS-1 cells increased with FBS concentration, as also observed in previous reports regarding the establishment of cell lines from marine fish [18, 30] . Our results showed that as little as 2% FBS can support the maintenance of GS-1 cells and be applied to routine isolation.
The susceptibility results indicated that the GIV appeared more susceptible to GS-1 than ISKNV in vitro. GS-1 cells efficiently produced CPE between 20°C and 30°C with yields of 10 7.7 TCID 50 /ml and the maximum titer was 10 8.4 TCID 50 /ml at 25°C. It has not been reported that different temperatures affect GIV proliferation capability in vitro. This result indicates that GIV is stable in GS-1 cells over a wide temperature range from 20 to 30°C in vitro. On the other hand, GS-1 cells infected with ISKNV yielded a lower titer of 10 5.2 TCID 50 /ml and only observed CPE at 20 and 25°C, but the appearance of CPE was not stable at 30°C. Our findings were consistent with previous studies in rock bream, (Oplegnathus fasciatus) embryo (RoBE-4) cell line, where RSIV isolation in RoBE-4 cells cultured at 20 or 25°C reached 10 6.0 TCID 50 /ml, with substantially lower titers at 30°C [28] . RSIV yielded from grunt fin (GF) cells gradually decreased by multiple subculturing at 15 or 30°C, and the optimum temperature to produce RSIV was 25°C [27, 29] . Our results shown in this study indicated that ISKNV proliferation at 25°C was better than that at 30°C in vitro. Similarly, it has been reported that the faster progression of apoptosis induced by high temperature in the TGIVinfected cells restricted the propagation of the virus [22] . Therefore, we speculated that the lower titer of ISKNV-infected GS-1 cells cultured at 30°C might be due to the same reason.
Electron microscopy revealed an envelope structure encapsulating GIV particles in infected GS-1 cells. Previous ultrastructural studies on ranavirus also revealed enveloped virus particles in the early stages of infection by frog virus 3 and SGIV infection [1, 32, 33] . In this study, the GIV possessed an envelope structure that was assembled by the three-layered structure with an inner GIV-infected GS-1 cell showed the mean diameter of the mature icosahedral particles were approximately 180−220 nm and containing full electron-dense cores (n=10) (bar=200 nm). (b) A negatively stained GIV particle with 210−220 nm diameter exhibiting a three-layered structure with an inner electron-dense core surrounded by a lighter coat (mean diameter, 27 ± 3 nm) (bar=100 nm). (c) Numerous ISKNV virus particles with the icosahedral morphology of 160−200 nm in mean diameter were observed in the infected GS-1 cells and the virions size were smaller than GIV (n=10) (bar=200 nm). (d) A negative-stained ISKNV particle exhibited a two-layered membrane structure and the diameter of mature nucleocapsids was determined approximately 170−180 nm that was larger than GIV (bar=200 nm).
electron-dense core surrounded by a lighter coat, and the results are in accordance with the published report that the mature SGIV viral particles released through budding and become enveloped virions [23] . In our ultrastructural studies, the mean diameter of GIV viral particles was 180-220 nm, substantially larger than ISKNV viral particles (160-200 nm). The negative-stained virions of ISKNV exhibited a two-layered membrane structure, similar to an RSIV-type megalocytivirus from spotted knifejaw termed SKIV [37] . These observations further confirm that the GS-1 cell line is suitable for the proliferation of both GIV and ISKNV. In this study, the outer membrane layers of GIV was first found to be different from that of ISKNV. The cumulative mortality of GIV-infected groupers incubated at 25°C was higher than that at 30°C, which indicates that the GIV replication in vivo was consistent with in vitro. In addition, the GIV-infected groupers demonstrate more virulence than ISKNV-infected groupers at 25°C. These findings are consistent with the previous comparative study reporting that GIV has a much higher virulence than TGIV [20] . It has also been reported that ISKNV-induced mortality of mandarinfish only occurred at water temperature above 20°C [12] . The comparative pathogenicity of Ranavirus (GIV-R) and Megalocytivirus-type GIV (GIV-M) revealed that the GIV-M induced higher mortalities (97.5%) than GIV-R (85%) at 28°C [24] . Many factors may affect the interaction of virus and host in vivo, including water temperatures, virus-induced apoptosis, fish species, virus strains. The best temperature for viral replication in vitro and the highest mortality of virus-infected host fish in vivo might be different. We suggested that high water temperatures (30°C) might suppress defense system of the groupers, and result in high mortality. More research is needed to clarify the pathogenesis mechanism of ISKNV in groupers.
In vitro, GS-1 cell line exhibits high susceptibility and proliferation ability for GIV than ISKNV. In vivo, the highest mortality induced by GIV in groupers occurred at 25°C, whereas that by ISKNV was at 30°C. These data suggest that the GS-1 cell line will become a powerful tool for diagnosis and pathogenesis of the two iridoviruses in the same host system. Cumulative mortality of GIV-infected fish reached 50% by 12 dpi at 25°C (closed triangle), which is higher than that at 30°C (open triangle). The asterisk indicates that mortality was significantly higher in GIV-and ISKNV-infected groups than in control groups (P<0.05). In ISKNV-challenged groups, the cumulative mortality was higher at 30°C (open square) than at 25°C (closed square) by 14 dpi. No mortality was observed among the two control groups (circle).
